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Appendix II: Properties of TPS Materials 






Figure 1. The Space Shuttle Columbia is shown after a successful reentry. The thermal protection system 
(TPS) has performed as predicted. 






The Thermal Protection System (TPS)* of the Space Shuttle is one of the major accomplishments of the National 
Aeronautics and Space Administration (NASA) Space Transportation System (STS). A casual observer considering heat 
protection for this spacecraft might think only of the white and black ceramic tiles which cover much of the outer skin of the 


m -t- 

I " 

W g 

O it- 

- ° 

Q. 0 

w % 

0 0 


8 g 

e 2 

1 = 
a 5 
o ® 

- J= 

■o - 

8 . •£ 

0 -a 

5 2 
® ® 
•a c 

!! 

•Q CO 

1 c 
<0 0 

« E 
o c 
c o 

40 t 

! 8 
c ® 


1 8 

I ^ 

8 5 

« 2 

• 3 

3 8 


O = 

a 'S 

3 -o 
co c 
c «o 

~ t> 

W jp 

E 0 

4 £ 


| T3 

• IB 

* 

5* 2 

• S> 

s i 

M E 


2 , c 

IB » 

E M 
• 8 


° ® 
* 1 

1 5 

£ 8 

1 £ 

T3 2 

i £ 

£ & 
0 (0 
a o- 

o> J? 
c .£ 

1 1 
* * 
E £ 


0 f 

* -c 
< « 

< -2 
Z * 

1 2 
« 8 


-c *m 

5 £ 


a 

^ <o 

t* 

? £ 

C 4- 

1 | 

2 1 


_© £ 

0 0 

2 a 

5 S 

1 ? 


.2 0 0 0 

2 E S 8 

® 3 9- 


c * 

I I 

§ " 

- 8 

8 £ 
■C o 
W 8 

* ; 

0 0 ) 

£ S 


■“ a 
o c 


2 S 

75 ® 


• § 

O — 

* 8 

& a 

Al 2 

3 Tt 


M 0) 

O -C 
c O) 

_ 3 

0 o 


< * 
in « 
< ‘c 
z © 

- * 
2* E 

C 4-> 

0 c 

0 0 
0 

C £ 

,5> c 
(/) .? 
0 

1 1 

a 0 

2 m 

5 * 

£ 8 
® o 

7 O 

0 E 

■o “8 
® > 

1 c 

8 I 
§ 8 
E g 

• g 

7J £ 


1 • 

7 8 

I a 

1 ? 

C 0 

a * 

0 | 

S I 
« > 

- 5 

£ s 

* I 

1 ? 

■o *0 

i i 

“ f 

8 a 

i ^ 

• ■g 

■M • 

1 • 
0 k. 

E =5 


8 E 
a o 


co £ 

e= 1 

C "O 

0 c 

TJ 3 
0 

- I 

1 o 
s *- 

■c £ 
O 0 

1 1 

8 * 

8 £ 

0 

£ © 
c © 
© S 

< i 

<n a 

2 s 

0 a 
£ 0 
44 k 

■S .2 


C k. 

; i 
s s 

a * 

If 

| 1 
® o 
> e 

0 44 

■o _ 


*Most of the terms, abbreviations, and acronyms used in this document are defined in the Glossary, with their relationship 
to the TPS context. 



The Space Shuttle Orbiter, Figure 1, is the principal element in the STS, built by NASA and over 180 United States 
subcontractors, with contribution by Canadian representatives of the European Space Agency (ESA). The collective components of 
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The TPS of the Space Shuttle is designed to operate over a spectrum of environments typical of both aircraft and 
spacecraft, as seen in the mission sequence of Figure 2A. Under normal operations, the TPS is intended to be used for 100 
missions with minimum refurbishment, and support a 160-hour turnaround requirement. 
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environment as a function of time. The TPS must also resist localized heating from the Orbiter main engines, the SRB motors, the 
Orbiter reaction control system (RCS) engines, and the OMS engines. 



EXTERNAL TANK 
SEPARATION 



Figure 2. Environments experienced by the TPS of the Orbiter. Figure 2A provides a view of the typical space shuttle mission profile. 





Figure 2B. Maximum surface temperatures experienced by the Orbiter during normal ascent and reentry trajectories. 
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Figure 2D. Altitude, temperature, and pressure experienced by the TPS as a function of time during reentry. 
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To meet the challenge of a reusable TPS, new concepts of thermal protection materials and design approaches were 
necessary. NASA Centers and major aerospace firms took the main TPS concepts from the laboratory to prototype production in 
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potential for providing reuse capability for the areas of the Orbiter TPS exceeding 2300 °F, such as the wing 
leading edges and the nose cap region and, thus, was selected for those areas. To insure a multi-mission materials 
capability, significant developments in coatings to minimize or prevent oxidation of this material had to be accom- 
plished. 



Nonablating, Nonmetallic Insulative-reradiative Ceramic System (the tile system). The nonreceding, ceramic tile 
heat shield system possessed two unique advantages from the outset: design simplicity and reuse capability. It 
was recognized that major technology developments would have to be undertaken to bring these materials from 
the laboratory state to actual vehicle application. However, the significant weight savings and design simplicity 
inherent with the ceramic heat shield concepts led to their selection as the primary Orbiter TPS. 
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Other areas of the Orbiter required localized solutions to design problems especially around penetrations. For example, hot 
radiative metallic panels are used on the flipper doors and as engine-mounted heat shields. Maximum temperatures at these 
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surface of the Orbiter. These blankets are felt reusable surface insulation (FRSI), a polymeric base material, and advanced flexible 
reusable surface insulation (AFRSI), a ceramic fiber base material. A summary of the characteristics of these materials is given on 
page 27. 




Figure 3. The thermal protection system of the Orbiter. Figure 3A gives a view of the distribution of the various subsystems of the TPS. 


.Coating: White Glass Coating (borosilicate) 



Figure 3B. Description of the TPS. 
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The LESS is generally defined as the insulation concepts adopted for the wing leading edges and nose cap region of the 
Orbiter. Reinforced carbon-carbon (RCC) is the surface material utilized in LESS. The RCC has been extremely reliable and has 



provided an initiative for some of the most important current research in high-temperature composites. To date, no RCC panel has 
had to be replaced following any of the Shuttle missions. 
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The various upgrades performed on the TPS of operational Orbiters illustrate the continuous evolution of the system. After 
Columbia (OV-102) flew the initial missions almost entirely protected by tiles, AFRSI blankets were introduced in place of LRSI 
tiles in some areas on Challenger (OV-099) before its first mission. Also in this Orbiter, some of the LI-2200 tiles (see Figure 3B) 
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Another application has been the use of the silica-based tile material as a highly predictable and clean insulator in infrared 



pyrolysis chambers (typical temperatures to 1130 °F) used in the analysis of organic materials, such as the constituents of raw 
petroleum and its byproducts. This organics analyzer is known as Pyran System, manufactured by Ruska Instrument Corporation, 
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Little progress has been made in commercializing the actual TPS materials. The various subsystems of the TPS have been 
designed to provide maximum performance and reliability at the lowest possible weight for 100 missions. Cost was of secondary 
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mullite to provide water proofing, high emittance and improved handling damage resistance are described in NASA disclosure 
MSC-14553. The "auger device method" developed by NASA for fastening tiles (U.S. Patent No. 3,936,927) could be used for the 
installation of soft, fragile materials. This metallic device provides excellent bonding strength and adequate vibration resistance. 



No metal fasteners are exposed to the hot face with this technique. A family of advanced external insulation materials has evolved 
subsequent to the Shuttle TPS development with improved capabilities and strength. 
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Each NASA Center has a Technology Utilization Office which serves the public and private sectors with information on NASA 
technology. Additionally, the NASA Technology Applications Team at Research Triangle Institute in North Carolina will assist 
interested parties in assessing potential applications of NASA technology and aid with the initiation of applications engineering 
projects which incorporate NASA support and that are aimed toward commercialization. 



For those interested in samples of TPS materials, the Property Disposal Office at the NASA-JSC may be contacted. The 
address is Lyndon B. Johnson Space Center, Houston, TX 77058, Mail Code JF-3. An application form to receive excess TPS 
materials requires that materials be "used for research or technology utilization purposes only, and that the thermal tile will not, 
under any circumstances, be sold for commercial purposes or as souvenirs." A 16mm film on the manufacture of the TPS tiles 
may be obtained through the Public Affairs Office of NASA-JSC. 
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Figure 4D. RSI thickness of initial TPS on Orbiter Columbia. 
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Figure 4E. RSI mold line step criteria of initial TPS on Orbiter Columbia. 
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Suggested references on FRSI are: 
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Figure 5. The area of the Orbiter thermally protected mainly with felt reusable surface insulation (FRSI). 
This NASA-JSC patented polymeric insulation exhibits the best ratio of thermal conductivity 
to density of all TPS materials. 


Suggested references on ceramic fiber flexible RSI are: 
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Figure 6. Advanced flexible reusable surface insulation (AFRSI) is a ISIASA-ARC developed quilt-like thermal 
insulation blanket (large arrow) with similar thermal characteristics to those of low temperature 
reusable surface insulation (LRSI). Developed later in the Shuttle program, AFRSI blankets have 
replaced most of LRSI tiles mainly because it is much easier to install and exhibits a greater 
resistance to impact damage. 
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High-Temperature Filler for Tile Gaps 

Procedure using ceramic fabric can 

be used in kilns and furnaces. nasa T een Briefs, winter 1982 



Center. For further information, Cir- 
cle 49 on the TSP Request Card. The High-Temperature Gap Filler is reusable. It is made of fabric coated with a ceramic 

MSC-20137 slurry and bonded in place with room-temperature-vulcanized adhesive. 
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movement from original positions experienced by tiles in this area after each flight. 
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National Aeronautics and Lyndon B. Johnson Space Center 

Space Administration S8 1 — 30874 Houston. Toxas 77058 



Figure 7. The nose cap section of LESS. Figure 7A presents a view of the reinforced carbon-carbon (RCC) nose cap. The RCC parts 
experience the most aggressive aerothermal environment encountered by the Orbiter during rentry. 
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Figure 7B. Detailed view of the nose cap section of LESS. 




Figure 8. The wing leading edge of LESS. There are 22 RCC panels and 22 RCC T-seals (arrow in Figure 8A) per wing in each Orbiter. 
Oxidation inhibitors and coatings used in RCC parts have performed as predicted. 






WING LEADING-EDGE 



Figure 8B. Detailed view of the wing leading edge section of LESS. 





Surface Seal for Carbon Parts 

An antioxidation coating extends 
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Figure 9. Arrow head. This RCC panel, denoted as the "arrow head," was a retrofit to the original high temperature 
reusable insulation (H RSI ) tile design which failed the qualification test of the explosive separation of the 
external tank. 
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Figure 10. Typical penetrations of the penetration subsystem (PSS). 
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In conclusion, the evolution of the tile material has provided the scientific and industrial communities with a novel 
strengthening mechanism for fibrous composites. This strengthening mechanism can be used to increase the strength of most 
fibrous composite materials (ceramic, metallic, or polymeric) in which one of the constituents behaves as a bonding agent to 
create the required bonding at fiber junctions. 
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Figure 1 1 . Evolution of the tile materials. 
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Gap fillers are also used In some areas between flexible and rigid RSI. A special purpose gap filler made of ceramic 
sleeving known as a Cigarette Gap Filler because it resembles a cigarette shape, is used to fill gaps between corners of AFRSI 
blankets. 



CERAMIC FABRIC / CERAMIC FABRIC 

AB-312 X AB-312 SLEEVING 



hot plasma gas from reaching the aluminum structure. 


Wing-Leading Edge 
Sleeved Gap Filler 



Figure 14. Detailed view of a wing leading edge, sleeved (captive) gap filler. 
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A description of the theoretical expression is given as follows: 
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mean temperature of insulation, °R; 
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effective fiber diameter, m; and 



The conductivity of the gas may be expressed as 
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LABORATORY TESTING OF TPS MATERIALS 
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TEMPERATURE TESTING OF BRITTLE SILICA INSULATION MATERIALS 

(RSISS) 

MSC-20731 


> 2 o) 
C c c 

111 

c S -Q 

o w *o 
+- _ © 
m X 5 O 

® C 3 

J? " "O 

0 » .E 
= a 

CO L 

£ 05 C 

° X • 

« S m 

1*1 

w .. 4^ 

« «- C 

® ® ® 

s .1 g 

s c ° 
« © «* 

1 E 8 

« O £ 
18 

■<= * T3 

CO gf N 
© (0 1 = 
” c re 

o XI o 

£ J o 

*tr o IS 

o _ © 
© »- 

8 £ ° 

5 © I 
~ 3 £ 

« | = w 

r h 
o E © 

3 O £ 
WO© 

o 

» © -D 


© © 

5 g . 
IS S -5 


<0 

© 

a . 

E CO 
© 

© := 
4-i 4^ 

E -g 
o « 


® 


o .* 

£ S 

c a 

1 1 

! i 

* r 

E 


5^-5 - 

l 5 « 

© CO 5 

§ £ 5 

■O • g 

is | .§ 

~ o © 
a ■© a 

E « 


® 8 © 2 5 


S _ 
© o 

c o 

8 ° 
© CM 
£ + 

~ O 
© ** 
N C 

m © 
© *— 


O 

3 

W 

W 

© 

k. 

3 

* 


5 g* 

*4- _ 


-o 

c 

© 

w 

a 


-- c 
© © 

E S 
£ © 
© n 

44 

*r © 

£ o 


" ; ! 
j£ © w 

t £ © 

3 ¥ 2 

© 

© 


8 2 


n 

© O 
£ O 

° * 

I* s 

© w 


M C 

E ° 
E w 


w ' 

2 © 


1 


5 ~ • 

* 

E 

ft 55 i 

c -O e 
e c e 

k M 
* « 2 

t % ■? X | 


5 c © 

J3 « ~ 

0 9 - « 

k. X 

a © £ 

© r= © 

1 I i 

-to 
w © © 

2 5 & 

I 1 5 

© N 

a _ o 

r © 44 

® 2 ? 
O c I 

£ w © 
© © w 

O) w 

o to - 
£ £ 

O £ 2 


a 2 r 
*E 3 £ 
== O *r 

0 ? 
© c 

1 ° 
c O 


O 


"D 

c 

© 

w 

© © 

I « 
s a 

O 05 
o c 

a 5 

05 £ 

c o 


m C 
© O 


£ « 
o >- 
c © 

8 3 
** © 

*© o 

o c 
C o 
© w 

8 * 
© a 

© 2 
k. © 

3 _ 
W © 

£ E 
o £ 

M © 

3 £ 


-2 05 © 

c 

® o ,® 
£ c 2 

t O) TJ 

■O » 

*_ © © 
o x> £ 


. — © 

O g 


XJ - 

<D © 

ts '£ 
« a> 

« « 
© E 


05 

c 

% 

9 


W 
3 

E 

> 05 
" C 

■M 

w 

© 


f O ^ 

E 


2 - 

9 - P 


A ® > 

® £ W 

i - e 
• « « 
*■5 8 
® C. I 

* « i 

© O 5 

^ ® X 

c Q- m 

© « © 
j; © u 

> 05 ^ 

.E ^ 

*8 © 
© £ 


2 u. 

3 O 

8 o 
in 
w CM 

© ^ 
k. 

£ ® 
£ ° 
© *r 

g £ 

a • 

-o £ 
C k. 
© © 

w C 

1 8 

to c 

w * 
T3 

C 3 
.E o 

ts i 

2 > 
© 

© £ 

3 ~ 
© © 
TZ 05 

« c 
8 2 

2 

75 3 

2 1 

© © 

I e 

i 2 

« ® 

© 

> 

© 

w 


© CO 

■5 

c © o 

s i v 

S 8 g 

■o c *5 

© 

5 * • 

t iu - 


w 
£ 
3E 


ii 

© := 

% 9 

• ■§ 
k. © 

W £ 

E c 
© © 

* © 
« O 

o) “g 
c w 

« £ 
© ® 

© 00 
w - 

5 o 
"8 < 

o < 

« z 


© 

S 

’w 

© 

c 

o 

c 

© 

05 

© 

a 

a 

3 

© 

£ 

‘to 

co 

o 

Q. 


C w 


■£ ® 

44 

-E S 
■g 1 

I 8 

® ^ 

© o 

"D O 

E © 
e a- 

>. ® 

« a, 

to £ 
a c 
— • 

® £ 

£ ® 

E ® 

© CO 

3 

O’ To « 

£ Z g 

| Si 

* • 8 
m £ a 
©Ha 


© 

© 

E 

o 

CO 

c 

© 

© 

E 

o 


TJ 

« 

© 

w. 

C 

« 

w 

% 

© 

£ 


c 'g 
o £ 

.* g 
■o 8 

5 e 

O W 

o a 


3 

ts 

© 

u. o 


E 

b 3 

© 

£ 

05 

C 

i 

o 


CO 

© 

k. 

3 

ts 

w 

© 

a 

E 

© 

w CO 

® c 
© © 

E o 

§ E 
© o 
* ° 
© © 

® E 

3 

W *- 

.E © 
© -E 


CO £ 

•k4 

C 
3 
O 
o 
o 
n 


E H- 
5 © 


E c 
>» ® 
i | 

E | 

8 = 

CO £ 

© g 
© ® 

E c 
© © 

: | 

i « 

O © 
— O 

J-o 

t © 

W 

® 

o « 
£ ® 
5 8 
E E 

3 3 


*M © © 

oi ^ £ 


o> 

© 

k. 

© 

> 

< 


I o 

O k 

E £ 


CO 

© 

a 

> 

© 

■o 

3 

0 

1 

X 5 

© 

© 

k. 

T3 

C 


© 

E 

o 

CO 

c 

© 

* 

© 

E 

o 


c 

© 

E 

c 

o 

k. 

■> 

c 

© 

c 

© 

E 

o 

© 

a 

w 

© 

£ 

w 

© 

IS 

w 

ra 

a 

© 

w 

© 

IS 


% 


T3 

2 

o 

o 

o 

L 

© 

ts 

£ 


c 

© 

© 


© 

£ 

4-4 

a 

« 

4-4 

c 

o 

o 

c 

*© 

4-4 

c 

‘w 

E 

c 

© 

E 

o 

© 

a 

CO 


CO 

© 

CO 

o 


u 

© 


c 

o 

CO 

c 

re 

Q. 

x 

© 

*© 

E 

k. 

© 


© 

E 

© 

co 

© 

£ 

~ C 
£ © 

|I 

> O 
CO © 

c °- 
-- © 

1 1 
I 2 

re 

- 

° © 
© © 
© E 

D © 
© © 
£ © 


I 


The overall efficiency of the system has been proven through test results obtained over the past decade in which the 
statistical (gaussian) distribution of data obtained at elevated and cryogenic temperatures has been shown to be remarkably 
similar to those obtained from room temperature tests. 



Clip-On Extensometer 

A flexural clamp eliminates problems 

Of Operator Variability. NASA Tech Briefs, January/Febtuary 1936 
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UNIQUE HEATING AND TEMPERATURE MEASURING TECHNIQUE 
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Noncontacting Measurement With a Thermocouple 

A tentlike covering brings the thermocouple to within 
a few degrees of the surface temperature. 
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PEEL TEST FIXTURE FOR AFRSI INSULATION BLANKETS 




Peel Test Fixture Used for 
AFRSI Insulation Blankets 



Figure 15. Fixture developed to test the bond strength of AFRSI blankets. 




Zone-Controlled Resistance Heater 

Temperature varies with time and 
location under computer command. 
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MANUFACTURE OF THE FRCI-20-12 BILLETS 
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Figure 16. Manufacturing process of rigid RSI. Figure 16A shows the manufacture of the FRCI-20-12 billet 
(LMSC, from Reference No. 1 on page 92). 
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Fitchett, B.T. 1983. Dimensional Control of Space Shuttle Tiles During Manufacture. In: Proceedings of the 7th Conference 
on Composites and Advanced Materials . Ceramic-Metal Systems Division, American Ceramic Society, Vol. 4, No. 7-8, 
January 16-21, 1983, Cocoa Beach, FL. 
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Figure 16B. Manufacture of tile from billets of any type of rigid RSI (LI-900, LI-2200, or FRCI-20-12) LMSC process 
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Figure 16B. Manufacture of tile from billets of any type of rigid RSI (LI-900, LI-2200, or FRCI-20-12) LMSC process. 





DEVELOPMENT OF THE CONICAL CUTTING TOOL 
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Figure 17. Tile machining procedure using the conical cutting tool. The implementation of this tool considerably improved tile yield 
(from Reference No. 1 on page 92). 






FILLER BAR GUILLOTINE CUTTING FIXTURE 
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Figure 18. Fixture developed to accurately and quickly cut filler bars with square ends. 


Rotatable Fixture for Spray Coating 

Fixture that rotates about two axes ensures a uniform 
coating and minimizes handling of the coated workpiece. 
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Prestressed Thermal-Protection Panels 

Panels are held securely with a minimum 

of mounting hardware. NASATech Briefs. summer 1984 
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Although the bond strength and thermal expansion characteristics of mechanical fastening concepts , such as the auger 
attachment method (Figure 19D) were adequate for this application, they were unsuccessful in maintaining the integrity of the 
tiles during the high vibrational environment of the acoustic qualification tests. Tiles attached to test panels using these 
methods would actually disintegrate from the vibration induced, drill-like, action of the metal fastener inside the tile. 



Fastening Concepts Developed 
for the TPS Program 
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Figure 19. Fastening concepts developed for the rigid RSISS. The adhesive fastening system, Figures 19A and 19C, is the only method 
used to attach the tiles to the aluminum structure of the Orbiter. Mechanical fastening systems, such as the floating 
receptacle concept, Figure 19B, and the auger attachment method, Figure 19D, could be useful in applications which do not 
experience the aggressive acoustic induced vibration environment of the Shuttle. 
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Figure 19 C. Detailed view of the rigid RSI (tile) assembly. 
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fastening method were flown in one of the initial Columbia flights. 
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ARRAY FRAME ASSEMBLIES 
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and an extremely cost effective achievement for the TPS program. 
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Figure 21B. Array frame assembly (AFA). Tiles are arranged along the surface of the Orbiter in very precise groups using an elemental 
unit known as an array frame assembly. There were approximately 1,100 AFA’s in Orbiters Columbia and Challenger, less in 
subsequent Orbiters. 
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Figure 21C. A view is given of the AFA. This fixture was used as a machining bed, shipping container, and installation device. Arrows 
indicate reference pins used to accurately place each AFA on the Orbiter surface. 


USE OF NETTING TO CONTROL THICKNESS OF ADHESIVE COATING 
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ULTRASONIC DEVICE FOR THE DETERMINATION OF TILE FIBER ORIENTATION 
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Figure 23. This instrument was developed to determine fiber orientation of installed, coated tiles. 




THERMAL PROTECTION SUBSYSTEM TILE PROFILOMETER 
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Figure 24. The tile profilometer. 
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Frgure 2 The Carriage ot the Meaeuring Device holds a transducer that measures the cross track displacement of the surface from the 
desired contour, and a multiple-turn potentiometer that measures the position along the track 



FILLER BAR TO TILE GAP GAGE 


O S T} 

eg® 

X I S 

0 tS ■ 

2 £ l 

1 s S 

* E % 

CO £ © 

« © h 

o> g ° 

« o g 

c co o 

CO - ±S 

* « T3 

* S o 

1 • ° 

■= X g- 

■o - 3> 

S ® * 

1 • ~ 

2 2 > 

> o = 

^ (0 B 

® c § 

> 5 

2=5 
ft 1 5 

2 • 

O 

T5 O <0 

© 3 OJ 

± CO 

3 >» ® 

cr ^ 3 

2 % P 


5 8 1 


.2 -o 

= g 


B S 
5 * 


O % 


A Z 
* £ 


' ; j 

• 0 » ® 

5 2 • 

c £ — 

° * 3 

« < S 

2 * 

k • • 

2 g c 

3 •£ ■ 

© • « 

« £ 1 


7 (A 

£ ^ 
« cc 
© r 
-o 5 


s 8 

i ^ 
_ + - 

O q) 

O ? 
© C 

5 E 
£ « 
© 2 
> ® 


5 $ | 

§ o a 

£ oj ® 

o +* 

c i- 

i ® s 

5 • 5 

m W 

® C 

3 - S 

Sea 
; g 3 

t t 

M © W 

• I S 

1 5 1 

* S £ 

® r * 

8 2* 

t 5 £ 

3 a 

C — X5 

Z 5 x 

(0 S 

0 ) 0 * 
a ®- tj 

o n e 

S. > 1 

5 • o 

x tS o 

" E r 


* fi 

5 " 


g « > 

§ ^ | 

• Is 

I E -D 

S I 5 

“ t J 

i t. s. 

| S % 

! S 1 

~ * s 

• I = 

£ 5 * 

— tr "o 


g o _i 

• SI 

0 2> . 
> ® 9 
III 

1 f I 
I S | 

S I & 

S' I 5 

« • * 

? 

5 g * 

■g £ 2 

1 1 ? 

Eg® 

• * s 

S ? ■§ 

hi z 

-eg 

0 • g 

" 2 * 
« P eo 

* CM 

5 • • 

• 1 ® 

2 ! c 

- §■ •£ 

1 £ 1 

2 • 2 

£ £ a 

s | | 
s I • 
s . * 

® O £ 

£ * F 


© ■= 
£ K 


± CO 

E g 

§ I 


1 * 

^ « 

£ • 
O) _N 

= "5 

? a 
£ © 
> a> 

o 2 

S 5 

TJ £ 

5 j 

O) S 

2 o 
■o a 
c o 


s 2 

1 8 
3 O 
XI © 
"O 

I 1 


2 3 

5= t> 

0 | 
£ * 
£ ■o 

1 I 

■o 8 
• • 
a *- 

2 • 


* ® 

• 13 

E 2 

• x 


1 S 

* T3 

* C 
© 

* . 
I £ 

*5 O 

s ^ 

O TJ 
O © 
X 

£ 5= 


© ® 

*5 o 

^ © 

1 = 
© M 

O 

o X 

® .y 
£ 2 


1 1 
1 2 


© « 
£ « 
♦* C 

£ E 

« ■5 
c £ 
O 

* *o 

^ i 

a -a 

S- >- 
« o 


i -o 

3 ? 
° 5 

© 2 

> ^ 
® ^ 
^ « 


X ® 

P S 


TJ £ 

• M 

£ e 
« x 

* te 
o O 


• a 

» • 

S 5 

I s 

** © 

* 5 

s • 

O © 

® £ • 

| * t 

S i 

O £ to 

=5 o x 


122 




Figure 26. Fiber optic instrument developed to qualitatively measure tile to filler bar gap conditions. 



Figure 27. Tile to filler bar gap measuring instrument during a simulated use condition. 
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Figure 28. Tile-filler bar gap measuring instrument. 


TILE GAP MEASUREMENT INSTRUMENT - SUDING WEDGE TYPE 
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Figure 29. Sliding wedge- type gap measuring instrument. Figure 29A is a diagram of the various tile gap configurations. 
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Figure 30. Sliding wedge- type gap measuring instrument during simulated use condition 
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The Fingers Spread, the scissors arms open, the fingers rock, the dial plunger slides, and 
the gap at the base of adjacent tiles is measured. 




TILE LOAD VERIFICATION, PULL STRIP METHOD 
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If- Breakaway Force 

NOTE! Tile Gap Widened To Move Strip 

For Clarity 

Mylar Strip* 



Figure 31. Pull strip method developed to test for proper size of the pillow-type gap fillers. 





INFLATABLE PROOF TESTER FOR TILES 
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Orbiter surface. 



Figure 33. Inflatable proof tester during a simulated use condition. 




Articulated Vacuum Chuck 

A pull tool conforms to the work surface. 
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FLEXIBLE MATERIAL STEP DIFFERENTIAL MEASUREMENT DEVICE 
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Figure 34. Instrument developed to make step differential measurements on AFRSI. 



Figure 35. Step differential measurement device during use on AFRSI thermal blankets. 
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SOME UNIQUE PROPERTIES OF TILES AND COATINGS 

(RSISS) 
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The tiles are the lowest density rigid material exhibiting anything like their thermal insulating properties. The low density 
contributes to their very high specific strength and low heat capacity, or storage. Consequently, the tiles heat up and 
cool down quickly. For example, a tile heated to 2000 °F can be grasped in the bare hand a few seconds after removal 
from the furnace even though it is still glowing from internal heat. This is possible because heat is dissipated so rapidly 
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hours) at high temperatures (2350 °F). 



Qualities of Tile Coating Materials 
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Tiles Can Be Considered as Materials with the 
Thermal Properties of Fiber Board and the 
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APPLICATIONS OF TECHNIQUES DEVELOPED FOR THE RSISS 
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In addition to the current technique selected to install tiles to the Orbiter, other methods developed for this purpose 
should have potential for industrial applications. For example, the mechanical method using the auger device (U.S. Patent No. 
3,936,927) developed by NASA provided the mechanical bonding strength and thermal expansion characteristics required to 
bond the delicate, low thermal expansion tile to the Orbiter aluminum skin. Its disadvantage over the selected SIP-adhesive 
method (U.S. Patent No. 4,124,732) also developed by NASA, was its inability to maintain the integrity of the tile during the 
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APPLICATIONS OF CARBON-CARBON COMPOSITES 
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Applications of LESS 
(Reinforced Carbon-Carbon) 
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Carbon/Carbon Pistons for Internal Combustion Engines 

Carbon/carbon material reduces piston weight 

and eliminates piston rings. nasat* 
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POSSIBLE APPLICATION OF 
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ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 


Figure 36. Flexible pile thermal barrier seal of the PSS. 
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Figure 37. The flexible pile thermal barrier seal is used between the payload bay and payload bay door (arrow). 


Example of a Possible 
Industrial Application 
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Figure 38. Possible industrial application of the flexible pile thermal barrier seal. 



Factors Affecting Commercialization of 
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Considerations for the Commercialization 
of TPS Materials and lechniques 
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AB 312 See Nextel 312. 
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Breather Area The uncoated area on the sides of the tile that starts at the coating terminator line and extends to the 

tile IML. The breather area allows air to vent out during ascent to preclude a loss of coating due to 
pressure equalization. Also known as terminator gap. 
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unknown variables of the installation process) close-out RSI must be manufactured to fit unique 
spaces. Close-out tiles are manufactured by Rl from LMSC billets. Close-out blankets are 



manufactured by Rl from blanket stock provided by Globe-Albany, Inc. (FRSI) and Manville Products 
Corporation (AFRSI). Along the perimeter of removable panels or penetrations, close-out RSI is made 
with holes to allow easy access to the mechanical fasteners which hold these penetrations. These 
holes are then capped using removable ceramic plugs or inserts. See Carrier Panel. 
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behave as a seal to these gaps. Filler bars minimize the possibility of water and hot plasma gas from 
reaching the bondline between the SIP and tile. Filler bars are bonded to the Orbiter structure, 
although sometimes, they are also bonded to tiles. Their thickness varies between 0.090 and 0.160 
in. (depending on SIP used) and are 0.750 in. wide. Their length depends on tile dimensions. 
Maximum Shuttle re-use temperature is 800 °F for 100 missions or 1,000 °F for one mission. 
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has been replaced with AFRSI. 



Gap Fillers Gap fillers are seals used in gaps between tiles located in regions of the Orbiter which experience 

the highest aerodynamic pressures. These seals protect the aluminum structure beneath these gaps 
by preventing the influx of hot plasma gas. There are many types of gap fillers but these can be 
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High Thermal Performance tile material. A third generation of rigid RSI material developed by LMSC 
for NASA. HTP uses a combination of amorphous silica (Q-fiber) and alumina fibers with boron nitride 



and silicon carbide powders. Boron nitride powder is used to generate the bond between the silica 
and alumina fibers while silicon carbide particles are used as an emittance or opacifying agent. HTP 
can be tailored to achieve specific properties. The denomination used to represent HTP material is 
similar to that of FRCI material. HTP-22-12 represents a material with 22% alumina fibers at a density 
of 12 lb/ft 3 . 


o 

o 

* 

■m cnT 
o 


2 a 

a § « 

■a t-’ ® 

O - “ 

© £ 

= s 

£ 3 

© 

T3 n 
® © 

* £ 

© 3 

° I 
^ 2 

o © 

© a 


in 

© 

*2 © -E 

re +4 


(A 

cc 

X 

o 

S 


® £ 

f 1 

(A 3 
CC « 

1 E 

I I 

.1 1 
IS o 

I I 
£ © 
© g- 

t: jc 

3 O 

cn ^ 
© i 

-Q k. 

re © 
« .ti 

5 

© JUr 

a: o 
© © 
3 £ 

1 •s 
© 
a 


o> 

c 

1 

o 

o 

CM 

© 

© 

© 

o 

© 

re 

c 

$ 

o 

c 

-X 

o 

© 

© 

w 

c 

o 


3 

© 

c 


52 5 t 


o 


© 

_ © 
E © 

© m 
© © 

_ © 

O) S 

x £ 


■O 

c 

© 


in 

co 

■D 

C 

© 

in 

6 

c 

© 

© 


© 

A 

© 

© 

© 

© 

© 

C 

-X 

a 


"O 

© 

£ 

3 

o 


i 

© 

E 

o 

© 

05 

X 

© 


® E 


a 

E 

o 

o 

© 

k. 

o 

E 

© 

k. 

'5 

0" 

© 


© 

« 

c 

© 

"O 


= O 

•2 E 

O s- 

© O 

» k. 
© © 
© A 

8 E 

O 3 

T3 C 
C TJ 
© © 


w p 

N E 

© — 
© 


■b s e e 


« C 


© 

o 

a 

© 

A 


O .= 


IQ 

O 


T3 

© 

a 

re 

A 

i 

A 


♦4 

T3 

© 

A 

4-* 

k. 

© 

4-4 

C 

© 

© 

© 

A 

j 


© 



k. 

© 

© 

E 

o 

© 

c 

£ 

4-4 

k. 

o 

© 

A 

o 

© 

© 

c 

© 

♦4 

«♦- 

Z 

4^ 

o 

a 

© 

k. 

© 

O 

© 

re 

© 

05 

C 

'b 

o 

a> 

i 

-J 

3 

re 

re 

© 

O’ 


> 


© 

> 

4- 

+4 

d 

c 

© 

E 

o 

> 

© 

© 

3 

CO 

® 

re 

W 

> 

-Q 

k. 

© 

© 

3 

© 

3 

© 

44 

d 

k. 

© 

© 

CO 


£ 


X 

CO 


’A 

X 

© 

c 

in. 

I 

H" 

© 

A 

+4 


C 8 

£ ® 

5 * « 

2 M « 

.2 E o, 

.ti © c 

5 * * 

« « o 

-C -S ° 

« CM 


cn 


o 5 

2 > 
c © 

3 S 
** o 
° x 

■O 

© -J 
© © 

tS 

c ® 
• E IS 


« P- « 

" o 

© I- 

I ® o 

i * « 

"off 
a> .c i 


3 T3 
CT C 
© © 
k. 

2 cc 
£ x 


2 © 


© 

«- 

© 


0 

^ O 

g l 

Q) © 

© O 

£ © 

© k. 

E 5 

© re 

1 i 

a. E 

— e 

« ■*-> 

.2 >. 

a g 

o 


f 1 

3 f 3 

*3 © *■* 

° c 

© © « 

© £ o 

® £ o 

flj _ CM 

_ ® CM 

© A i 

W +* J 

° 

-C « © 

+* >, -C 

c £ ~ 

— .E © 

-D « -O 

© E J2 

-2 > c 

a 5 *“ 

c •- © 

® s £ 

« 51 


© 


CM 

6 

2 

o 

cc 


« {r 

S E X 

© w 

5 3 S 

« * “ 

CC c ® 

X « T3 


C 
© 

© « £ 

- CO O) 

^ ° .E 

a c 5 

O ® TJ 

£ r s; 

« © »- 

M « ® 

« 2 c 

o> £ ® 

, » o» 

© -^ .E 

3 = « 

0*0© 

*= S « 

£ u. I 

0 O A 

re o o 

© o © 

CM > 

S ^ o 

" * o 

~ CO ® 

T3 O *- 

£ O *S 

k. W 

© _ C 

£ | I 

sr © 

(0 A 

« “O 

« j- © 

O) ° ; 

® g £ 

« £ E 

1 ! i 

O « ■B 

n ® a 

O k. ^ 

^ o) E 


E 

3 

C 

E 

_3 

© 

k. 

© 

2 

k. 

O 

© 

£ 

■o 

c 

© 

cn 

& 

© 


o 

© 

T3 

'© 

k. 

© 

C 


© 

£ 

■M 

c 

© 

© 

3 

© 

-O 

© 

c 

n 

■O 

c 

3 

O 

A 


© 

C 


2 

o © 

s 5 
2 2 


C 

o 


o 

© 


05 

c 

*© 

© 

© 

k. 

a 

© 


E 


J2 

3 

O 

‘*5 

c 

© 

a 

k. 

© 

a 

© 


c 

o 

4^ 

o 

© 

k. 

© 


cn 

x 

x 


© 

c 

re 

a 

i 

c 


JSC NASA Lyndon B. Johnson Space Center, Houston, TX. Also, NASA-JSC. 



Effective thermal conductivity. The quality of heat transmitted through a material in unit time, per 
unit temperature gradient along the direction of flow, and per unit of cross-sectional area. It includes 
the combined effect of thermal conductivities due to solid conduction, radiation transmission, and gas 
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Nested tile A tile that is individually measured for planform dimensions and has its IML cut while being held in a 

polyurethane nest. Nested tiles usually fit on the outside of an ATA or AFA. 



Nextel 312® An alumina-boria-silica fiber made by the Minnesota Mining and Manufacturing (3M) Co. Previously 

known as AB-312. The fiber is used in the manufacture of FRCI tile. Fabrics made with this fiber are 
used in the manufacture of some of the gap fillers and the thermal insulation package for the internal 
components of LESS and PSS. 
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Reusable Surface Insulation. RSI includes all the other surface insulation used in the RSISS. It is 
classified into rigid, as in the tiles (HRSI and LRSI), or flexible, as the blankets (AFRSI and FRSI). 



RSISS Reusable Surface Insulation Subsystem. The RSISS is composed of rigid RSI (tiles) or flexible RSI 

(blankets) and the assembly concepts and materials used for these insulations. The elements of the 
tile system or rigid RSISS are: the coated tile (LRSI or HRSI), the densification of the tile bonding 
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(rigid and flexible). The development of this fiber was obtained from the efforts of Mr. R. Beasley of 
LMSC and John Koch of the Manville Products Corporation. The silica Q-fiber is amorphous, has a 
high degree of purity (99.7% silica), a length of about 0.25 in. and a diameter of 1.4 microns. This 
fiber allows all of the tile materials to exhibit the required thermal shock resistance due to its stability 
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encountered in the tile-to-tile gap. 



TABI Tailorable Advanced Blanket Insulation. A NASA-ARC developed thermal blanket (ARC-11697) which 

is structural design advancement over the AFRSI material concept. The layers of batt insulation made 
with the amorphous silica Q-fiber are held in place in an integrally woven core of ceramic yarns made 
of fibers such as Nextel 312®. The integrally woven cores of TABI provide higher strength, more 
reliability and can sustain greater heat flux than can the older, sewn sections of the AFRSI blanket. 
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Tile Surface Process used to increase the surface density of the side of the tile bonded to the SIP, that is, along 

Densification the IML of the tile. This process which is a NASA invention (U.S. Patent Nos. 4,338,368 and 4,358,486), 
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MSC-19462 Use of Netting to Control Thickness of Adhesive Coating 
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MSC-16338 High Temperature Resilient Thermal Barrier 
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Quartz Tie-Rods for High Temperature Extensometry 


MSC -16156 Photo Detection/Recording Technique for TPS Test Specimens 
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Lightweight Ceramic Insulation 

A fiber burnout process 
yields low densities. 
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Slowly oxidize away, leaving voids and higher density ceramic tiles of the same 

thereby reducing the block density. Final- composition (small circles). 






Improving Emittance of High-Temperature Insulating Tile 

An additive protects the tile even 
when the surface coating fails. 
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ceramic insulation to the aluminum additive (right) is slightly shrunken after the test but is otherwise in good condition, even 
structure. though it is uncoated. There is also less damage to the aluminum structure. 







Coated-Felt Thermal Insulation 

Thin, flexible, lightweight insulation 
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Insulation Blankets for High-Temperature Use 

Lightweight, flexible material resists intense heat. 
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ucts, the technique can be varied as plastic film prevents the liquid rubber from airhose 

needed, provided that care is taken to keep leaking out of the stitching holes. The Figure 2. A Sealant Gun applies uncured 

the silicone rubber in the stitching holes. blanket may then be bagged and the adhe- silicone rubber to a row of stitches. 

NASA Tech Briefs, Summer 1986 




Bonded Lockstitch for Insulating Blankets 

An adhesive prevents unraveling 
at high temperatures. 
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Abrasion-Resistant Coating for Flexible Insulation 
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Fitting Flexible Coverings to Contoured Surfaces 

Contour-transferring technique simplifies 

precise fitting of flexible insulation. NASATech Briefs, Winter 1983 
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withstand as much as 7.5 Btu/ft z s and Howard E. (jofdstein or Ames ne- 

(85 kW/m 2 ), and the woven silicon carbide search Center. For further information, 

blanket can handle up to 30 Btu/ft 2 s Circle lOon the TSP Request Card. 


Reflecting Layers Reduce Weight of Insulation 

The density of insulation blankets can be halved 
if metalized films are placed between layers. 
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Characterizing Glass Frits for Slurries 

Solids content of ceramic-coating mixture can be 
optimized as the result of one simple measurement. 
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function of the percent solids for frits with any desired viscosity. For further information, Circle 80 on 

with various liquid absorptions; thus This work was done by Harry N. th e TSP Request Card. 
one measurement of a frit sample al- Nakano of Lockheed Missiles & Space MSC-18322 


Longer Shelf Life for Ceramic Slurries 

A simple additive stabilizes the viscosity 

of water-based glass-frit slurries. nasa T ech Briefs, winter 1979 
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Repairing High-Temperature Glazed Tiles 

Chips and cracks in glaze are fixed quickly and dependably 
with a mixture containing tetraethyl orthosilicate. 
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Waterproofing Agents for Silica Tiles 

A new silylating agent is easy to apply 
and withstands high temperatures. 
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Johnson Space Center [see page A5\. 
Refer to MSC-20224. 



CO 

o> 

c 

mwmm 

<B 

o 

o 

o 

( 7 ) 


CO 
CD 
O 

-g CO 

n « 

2 <D 

"q "O 

J2 CD 

OD 2 

£ o 

O) 0 

c > 

V— d) 
CO -*=* 
CD CO 
^ ZJ 
d) CT 

i= “O 

O) o co 

C 2 - 

E £ 

O CD 

C CO 

< .i 


</> 

0 

>_ 

o 

CL 


O 

0 

0 

Q 


co 

03 

X 

.5 

cf 

o 

CO 

Z3 

O 

£ 

wT 

CD 

c: 

CD 

O 

CD 

O 

CO 

£ 

c: 

O 

co 

c: 

•c 

o 

CQ 

C 

o 

■O 

c 

-J 


a> 
0 P 
_>> P 

CD O 


CO > 
03 U 
C 03 

II 

o CO 

CO TO 


Q) O O 


.5= C £ 
03 O ^ 

-0-03 

I S 2 

P _Q Q 
>> ^ 03 
pT O -C 
-C £ — 
cn I— — 


W W "D 

0 03 

~ 00 O 

E o o 

o Q) 

O O vT 

P Q- m 


o — 

03 _>^ 

£ ^ 

03 

P O 
O 00 

8 -5? 

Psl 

8 S 

CT <= 
C ^ 
-C 2 
o CL 
P 00 

03 

-I 

~ >N 

03 JD 

R 73 
8 £ 
*- 03 

03 E 


(1) 


TO 

C 

03 

o 

C/3 

03 CO 
— 03 

c & 

c £ 

03 t= 
O T3 

w p 

03 

O 

TO — 
C co 
03 ^ 


QQ "g 

C 


E 03 

II 

CO O 
=3 -C 
CO Cl 


CO 

c 

O 

E 
E 

0 

1 ^ 

CO 03 
TO C 

£ c 

03 

i c 

o 

co -tr 

£ E 

03 


03 


c 
0) 

E 

^ p ^ 
£ 8 ^ 
03 € s 

c & <V 

p -C O 

CD t CO 

Q ^ 5 


03 - ^ 
C3 C 
C P 0 
03 _Q O 
0 W 
> 

00 03 

*> ro 

E 


5> '> ® *53 a> co 
t m fe ® w .52 


o 

3 


0 p 


&P 




o 

a. 

03 

c 

ro co 

03 03 
« 8 . 
p _g 

03 
CO 

o o 

03 O 
? = 
w i 

2? co 


8. 00 
CO 

^ 0 
o 0 


o E 

§S 

c -2 
0 CO 
Cl . 
co co 

3 0 
« p 

cd tr 

CD 
CO CL 

c 

0 


tr 0 
CD P 
CL p 

0 6 


0 


0 
C 

0 „ 
CL — 

p 

iE CD 

*” 03 


o ® 

Q. ~ 
O c 
co '— 

a 

s. 

0 .0- 
0 ^ 

E 5 

CD 

rj c 

P o 


c co 

° z 

0 CD 

o 

&! 

ii 

CO LO 

o 

Z B 

e -I 

8 5 
S< 

co — 

|S. 

II 


to £ 

0 0 

(Q E 

CO P 

o E 
o CD 

o g 

o_ .2 

CO 

c 

-C 03 
03 CL 
:_= CO 
_ O 
0 CO 

II 

2 o 

3 £ 


0 0 
o 5 


g I 
P 

5 CO 

P jQ 

> 0 


C 0 
° O JC 

>v U3 ^ 


>>P 

P CD 


CO C 
0 O 


CD 


O 


d> ' m ^ 


CT 


O "O 
o c 
^ CD 

r co 
E v 
0 


£ 9 
O P 
0 

^ 03 
C 


O 
CD 

uj k — 

C o 

II 

"O 0 

;ii 

0 

< 13 
P 
'c 


Q 0 
-O m ^ 


l* 

Ml 


O W C 

- B2 

— CO 0 
03 o 

-a c -p 
0 *j= 33 

CL ro $ 

° £ I 

O CD 


CO 

O 0 
co P 
c 

0 -O 
CL C 
X 0 
0 

— P 

C 2 
>_ CO 
0 JD 
-C O 
■*- CO 

p 0 

JZ 

0 ^ 
8 C 
5 8 

£ i 

— 0 
*0 -Q 


03 0 

c g 

0 E 
o o 
o 


0 "O 
SZ 0 


0 Z 

-Q 2 


o 

CO 


cS 

O co 

y a 

— x 

W 0 

0 P 

.C 


CO 
CO 
0 
c 
0 
> "O 
^ 0 
O Q 
0 D 

0 "8 

0 > 
-c 


o 

JD 


■ c 
*- 0 
0 > 
>> 0 

JS a: 


P -- o 

s S ? 


03 

JD 

O 


X3 

E 

0 


CD 

r: 


< 

00 

< 

2 


0 O 

E 

c 0 
0 u 
O co 


0 


P 0 
_0 JT 

II 

O £ 

O H- 
0 

P 0 

£ o 


0 

p 

O 

o 


0 

3 

O’ 

'c 

-C 

o 

0 

$ 

CO 0 


111-23 


Ensuring the Consistency of Silicide Coatings 

The optimum fusion time is 
determined from a simple diagram. 

Lyndon B. Johnson Space Center, Houston, Texas 
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Figure 2. The Tlme-vs. -Thickness Diagram for refractory metal-alliclde coatings 
shows sn area of acceptable combinations of fusion time and coating thickness 
Within the area, the normal metal-dlslllclde phase results. Outside the area, 
overdiffusion, with production of the trlelliclde hexagonal phase, or underdiffualon 
results. 
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Room-Temperature Adhesive for High-Temperature Use 

Room-temperature-curing adhesive retains strong 
bond in extreme temperature environments. 
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Bonding Heat-Resistant Fabric to Tile 

Acid etching, densification, and silica 
cement ensure a strong bond. 
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Compensating for Shrinkage in Machined Ceramics 

The machine tool automatically compensates for the 
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is the steady-state temperature. MSC-20835 



Furnace for Tensile Testing of Flexible Ceramics 

Ceramic cloth and thread are tested quickly 

at temperatures up to 1 ,250 °C. nasa t* 
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This work was done by Michael F. ^ est ceramic glazes on samples of silica used for surface insulation on the Space 
Duggan of Lockheed Missiles & Space e ' 

Co., Inc. for Johnson Space Center. 

No further documentation is available 
M SC- 16580 



Comparative Thermal-Conductivity Test Technique 

Approximate thermal conductivities are determined rapidly. 
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Fastener for Thermal Insulation Blankets 

A new fastener allows rapid attachment 
and detachment of insulating blankets. 
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Laser Scanner for Tile-Cavity Measurement NASA Tech Briefs, September 1987 

Irregular surfaces are mapped and digitized for numerical-control machinery. 
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or block to fit the cavity. Other likely ap- The laser beam is directed in front of the processor, where they are translated into 
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Duplicating Curved Tile Surfaces for Pull Testing 

Vacuum chucks can be 
custom-made at low cost. 
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Flexible Heat-and-Pressure Seal 

A thermal/pressure seal- accommodates transverse 
and lateral motion between the sealed surfaces. 






Heat/Pressure Seal for Moving Parts 

Articulated graphite segments 

accommodate dimensional variations. nasa Tech Briefs, Fan ibbo 
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Improved High-Temperature Seal 

A flexible seal has four 
barriers against leakage. 
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ments. It must scatter incoming solar The coating layers are prepared as Coatings of the new type have a ratio 
radiation but be as transparent as water/alcohol slurries and sprayed in of absorptivity to emissivity of <0.4 at 

possible to the predominantly-longer* turn onto the fibrous insulating tile. room temperature and a total hemi- 

wavelength thermal radiation emitted After drying for a few hours at or slightly spheric emissivity of 0.8 or greater at 
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veloped. The analysis yields the equation and thickness COE’s of the fastener mate- ventional fastener failed after only one cy- 

of a two-dimensional thermal-stress-free rial (material 1), a x1 and a y1 , respectively cle, demonstrating the validity of this 

interface between two materials with or- These conditions will cause adverse ther- concept. 
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Insulation Debond Detection 

Load-cell and acoustic responses indicate 
the bonding condition nondestructively. 
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